The effect of hypercholesterolemia on vascular function was studied in humans. To eliminate the potential confounding effects of atherosclerosis, vascular reactivity was measured in the forearm resistance vessels of 11 normal subjects (serum LDL cholesterol = 111±7 mg/dl) and 13 patients with hypercholesterolemia (serum LDL cholesterol = 211±19 mg/dl, P < 0.05). Each subject received intrabrachial artery infusions of methacholine, which releases endothelium-derived relaxant factor, and nitroprusside which directly stimulates guanylate cyclase in vascular smooth muscle. Maximal vasodilatory potential was determined during reactive hyperemia. Vasoconstrictive responsiveness was examined during intra-arterial phenylephrine infusion. Forearm blood flow was determined by venous occlusion plethysmography. Basal forearm blood flow in normal and hypercholesterolemic subjects was comparable. Similarly, reactive hyperemic blood flow did not differ between the two groups. In contrast, the maximal forearm blood flow response to methacholine in hypercholesterolemic subjects was less than that observed in normal subjects. In addition, the forearm blood flow response to nitroprusside was less in hypercholesterolemic subjects. There was no difference in the forearm vasoconstrictive response to phenylephrine in the two groups. Thus, the vasodilator responses to methacholine and nitroprusside were blunted in patients with hypercholesterolemia. We conclude that in humans with hypercholesterolemia, there is a decreased effect of nitrovasodilators, including endothelium-derived relaxing factor, on the vascular smooth muscle of resistance vessels. (J. Clin. Invest. 1990. 86:228-234.)
Introduction
Studies in animals and humans with atherosclerosis have demonstrated abnormalities in vascular function. Depending upon the experimental model and the severity of atherosclerosis, one might observe impaired endothelium-dependent vasodilation, altered smooth muscle relaxation, or potentiated vasoconstriction to a variety of agonists (1) (2) (3) (4) (5) (6) . Vascular injury or dys-Receivedfor publication 14 June 1989 and in revisedform 5 March 1990. function secondary to hypercholesterolemia is likely a precipitating factor for atherosclerosis. Yet, the effect of hypercholesterolemia on vascular function in human vessels that are not atherosclerotic is not known. Several recent in vitro animal studies have suggested that hypercholesterolemia impairs endothelium-dependent vasorelaxation (7, 8) . It has also been reported that increased levels of cholesterol potentiate vasoconstriction in canine coronary arteries (9) . Thus, hypercholesterolemia may decrease synthesis, release, or transport of endothelium-derived relaxing factor(s), or alter the ability of the vascular smooth muscle to respond to vasoactive substances.
The purposes of this study were (a) to test the hypothesis that vascular reactivity is altered in vivo in humans with hypercholesterolemia and (b) to examine the potential site of functional impairment (endothelium or smooth muscle) in the vessel wall. To eliminate the potential confounding effects of atherosclerosis, we examined vascular reactivity in forearm resistance vessels (10) . It was reasoned that the incidence of atherosclerosis is low in the upper extremity. Furthermore, unlike the walls of the larger arteries, the walls of resistance vessels do not develop atheroma after exposure to high levels of cholesterol (1 1). The results indicate that hypercholesterolemia, in the absence of atherosclerosis, is associated with impaired smooth muscle vasorelaxation.
Methods
Subjects. The control subject population in this study included 11 normal volunteers comprised of nine males and two females whose ages ranged from 22 to 43 and averaged 31±2 yr. Normalcy was determined by a careful history and physical examination and laboratory analyses to exclude those with hematologic, renal, or hepatic dysfunction. There were 13 patients with hypercholesterolemia. Hypercholes into a brachial artery of each subject for determination of blood pres-sure and for infusion of drugs. The vascular research laboratory was quiet and lights were dimmed. All subjects rested at least 30 min after catheter placement to establish a stable baseline before data collection.
During the control period, measurements of forearm blood flow and blood pressure were repeated every 10 min until stable. Dextrose (5%) was infused intra-arterially at a rate of 0.4 ml/min during the control period. To determine the maximal vasodilator potential ofthe resistance vessels, forearm blood flow was measured in the basal state and during reactive hyperemia after 5 min of an ischemic stimulus. Ischemia was induced by inflation of a sphygmomanometric cuff on the upper arm to suprasystolic pressure. Abnormalities in reactive hyperemic blood flow often imply structural problems in the resistance vessels preventing maximal vasodilation. Forearm blood flow measurements were repeated when basal conditions were reestablished.
To assess specifically endothelium-dependent vasodilation, methacholine chloride (a congener of acetycholine) was administered via the brachial artery. Forearm blood flow was measured during infusion of increasing concentrations ofmethacholine at doses of0.03, 0.3, 3, and 10 mcg/min, each for 5 min, delivered at a rate of 0.4 ml/min. To distinguish abnormalities in endothelial function from abnormalities of vascular smooth muscle, subjects received an intra-arterial infusion of sodium nitroprusside. This agent, which acts directly on vascular smooth muscle by stimulating soluble guanylate cyclase and inducing hyperpolarization, was given at doses of0.03, 0.3, 3, and 10 sg/min, at a rate of0.4 ml/min, each for 5-min periods. To evaluate the vasoconstrictor responsiveness of the forearm resistance vessels, each subject then received intra-arterial phenylephrine, an alpha-I adrenergic agonist, at incremental dosages of 0.3, 1, and 3 tg/min, at a rate of 0.4 ml/min. Basal conditions were reestablished before each intervention. The doses of each drug were chosen to achieve decreases in forearm vascular resistance without causing systemic effects. Dose-response curves were generated for each drug infusion. Evaluation ofmethacholine's mechanism ofaction. In this experiment, methacholine is used to evoke release of endothelium-derived relaxing factor. It is possible that vasodilation caused by methacholine is mediated by release of prostacyclin or affected by release of a cyclooxygenase-dependent endothelium-derived contracting factor (12) . Alternatively, methacholine may have inhibited the release of norepinephrine at the neuro-effector junction, thereby causing vasodilation (13) . To examine these possibilities, the effects of both aspirin and phentolamine were studied in five subjects, aged 38±3 yr. To evaluate the effect of cyclooxygenase inhibition, the forearm vascular response to methacholine was studied before and after aspirin treatment, 325 mg orally, three times daily for 3 d. To exclude the possibility that methacholine interfered with adrenergic neurotransmission, the response to methacholine was also studied before and during intra-arterial infusion of phentolamine at a dose of 50 ug/min. This dose of phentolamine was chosen because it had been demonstrated in previous studies to inhibit the vasoconstrictive response to an intra-arterial bolus of norepinephrine (2 mcg) from 68 to 6 percent (P < 0.005) (14) .
Hemodynamic measurements. Bilateral forearm blood flow was determined by venous occlusion strain gauge plethysmography, using calibrated mercury-in-silastic strain gauges, and expressed as milliliter per 100 ml of tissue per minute (D. E. Hokanson, Inc., Issaquah, WA) (10) . Each arm was supported above heart level. Venous occlusion pressure averaged 35±1 mmHg. Circulation to the hand was stopped by inflating a wrist cuff to suprasystolic pressures before each forearm blood flow determination. Each forearm blood flow determination comprised at least five separate measurements performed at 10-15-s intervals. By measuring blood flow in the infused arm, one can determine the direct effect of the vasoactive drug. By measuring blood flow in the noninfused arm, one could be assured that systemic effects have not occurred if no change in blood flow developed during the drug infusion. Forearm vascular resistance was calculated as the ratio of mean blood pressure to forearm blood flow and expressed as units reflecting mmHg per ml/ 100 ml of tissue per minute.
Blood pressure was measured via an arterial cannula that was attached to a Statham P23 pressure transducer aligned to an amplifier on a Gould physiologic recorder. Heart rate was determined from a simultaneously obtained electrocardiographic signal and calculated from the RR interval.
Statistical analysis. Forearm blood flow, blood pressure, and heart rate data are presented as mean±SE. Statistical analysis used analysis of variance of independent groups for repeated measures for parametric data, followed by Newman-Keuls post-hoc testing for statistical significance (15) . The Wilcoxon rank sum test-was used for nonparametric data (16). For nonserial measurements, the t test was used to analyze the difference between the means in each group. Linear regression analysis was performed for selected hemodynamic variables. Statistical significance was accepted at the 95% confidence level (P . 0.05).
Results
Lipidprofile. The lipid profile in the study subjects is provided in Table I . As defined by enrollment criteria, the plasma total cholesterol and LDL cholesterol were significantly higher in the hypercholesterolemic patients than in the normal subjects. There was no significant difference in the plasma HDL cholesterol, VLDL cholesterol, or triglyceride levels between the two groups of subjects.
Basal and reactive hyperemic forearm blood flow. Basal blood flow in normal subjects and hypercholesterolemic subjects was comparable and averaged 2.9±0.3 and 3.1±0.6 ml/100 ml of tissue per minute, respectively (P = NS) ( Fig. 1) . Similarly, reactive hyperemic blood flow in normal subjects was not different from that in hypercholesterolemic subjects and averaged 23.7±1.6 and 26.6±2.0 ml/100 ml of tissue per minute, respectively (P = NS) (Fig. 1) . Furthermore, forearm vascular resistance at baseline (31.0±3.0 vs. 39.5±5.3 U, respectively) and during reactive hyperemia (3.6±0.3 vs. 3.5±0.3 ml/ 100 U, respectively) did not differ between the two groups of subjects.
Response to methacholine chloride. Mean blood pressure at baseline was 80±2 mmHg in normal subjects and 87±2 mmHg in hypercholesterolemic subjects (P = NS). Basal heart rate was 58±2 and 66±4 in normal and hypercholesterolemic subjects respectively (P = NS). The incremental intra-arterial infusion of methacholine caused no changes in systemic blood pressure or heart rate in either group of subjects.
The forearm blood flow response to methacholine in normal and hypercholesterolemic subjects is illustrated in Fig. 2 . The maximal forearm blood flow response to methacholine in normal subjects was 20.1±2.8 and in hypercholesterolemic subjects was 14.2±2.6 ml/100 ml of tissue per minute (P Since there was no change in blood pressure, the change in forearm blood flow during the methacholine infusion reflected changes in forearm vascular resistance. The forearm vascular resistance was significantly less in the normal subjects than in the hypercholesterolemic subjects during the methacholine infusions of 3 pug/min (5.8±0.5 vs. 11.0±2.5 U, P < 0.05) and 10 pg/min (4.5±0.5 vs. 10.6±2.9 U, P < 0.05). These data demonstrate that endothelium-dependent vasodilation is impaired in patients with hypercholesterolemia, but do not exclude a functional abnormality in vascular smooth muscle.
Response to nitroprusside. To determine whether hypercholesterolemia affects smooth muscle function directly, the vasodilator response to sodium nitroprusside was examined. Intra-arterial infusion of sodium nitroprusside did not change mean blood pressure or heart rate in either group. Compared to normal subjects, the forearm blood flow response to sodium nitroprusside was blunted in patients with hypercholesterolemia (Fig. 3) . At a dose of 10 gg/min, forearm blood flow was significantly greater in normal subjects than in hypercholesterolemic subjects (16.0±1.9 vs. 1 1.6±1.9 ml/100 ml of tissue per minute P < 0.05). No changes in forearm blood flow occurred in the noninfused arm of either group. The forearm vascular resistance was significantly less in normal than hypercholesterolemic subjects during the nitroprusside infusions of 3 pug/min (8.3±0.8 vs. 13.5± 1.9 U, P < 0.05) and 10 pg/min (5.7±0.7 vs. 9.4±1.2 U, P < 0.05). Decreased responsiveness to both methacholine and nitroprusside suggest that hypercholesterolemia impairs the effect of endogenous and exogenous nitrovasodilators on smooth muscle relaxation.
Response to phenylephrine. vasoconstrictor responsiveness, intra-arterial phenylephrine was administered to both groups of subjects. The phenylephrine infusion did not change blood pressure or heart rate. The lowest forearm blood flow achieved with this intervention was 1.8±0.2 ml/100 ml of tissue per minute in the normal subjects and 2.1±0.3 ml/100 ml of tissue per minute in the hypercholesterolemic subjects (P = NS). At no point in the dose response curve was there any significant difference in forearm blood flow between the two groups of subjects (Fig. 4) . Similarly, the effect of phenylephrine on forearm vascular resistance was comparable in each group. Forearm blood flow and forearm vascular resistance did not change from basal values in the noninfused arm in either group of subjects. Relationship of vasodilation with methacholine to nitroprusside. A blunted forearm vasodilator response to the methacholine infusion did not occur uniformly in all hypercholesterolemic subjects. In fact, some hypercholesterolemic subjects displayed increases in forearm blood flow during this intervention that overlapped with those observed in normal subjects. Similarly, the maximal forearm blood flow response to nitroprusside in some hypercholesterolemic subjects fell within normal confidence limits.
To determine whether the impaired vasodilator responses to methacholine and nitroprusside occurred in the same subjects, a linear regression analysis was performed correlating the percent of reactive hyperemic blood flow achieved with each drug in each subject. There was a strong direct correlation between the vasodilator response to methacholine and nitroprusside (r = 0.87, P < 0.001). This correlation indicates that the blunted vasodilation to both drugs occurred in the same individuals and suggests a common mechanism underlying abnormal vasorelaxation in these subjects. Evaluation ofmethacholine's mechanism ofaction. To exclude the possibility that vasodilation caused by methacholine was influenced by products of cyclo-oxygenase, the forearm vascular response to methacholine was studied in five normal subjects before and after aspirin therapy. Basal forearm vascular resistance was 41±6 and 42±11 U before and after aspirin treatment, respectively (P = NS). Aspirin did not influence the forearm vasodilator response to intra-arterial methacholine (Fig. 5) .
To determine whether methacholine mediated vasodilation by inhibiting prejunctional release of norepinephrine, these five subjects received intra-arterial phentolamine. As expected, phentolamine increased basal forearm blood flow (from 2.4±0.5 to 6.4±1.0 ml/100 ml of tissue per minute, P < 0.05) and decreased basal forearm vascular resistance (from 42±11 to 15±3 U, P < 0.01). Nonetheless, phentolamine did not affect the maximal forearm blood flow response to methacholine (17.0±2.7 vs. 19.8±2.7 ml/100 ml of tissue per minute, P = NS), nor blunt the maximal decrement in forearm vascular resistance (5±1 vs. 5±1 U, P = NS).
Discussion
Hypercholesterolemia accelerates atherosclerosis, a process which is generally considered to affect large and medium sized conduit arteries. Abnormalities in the function of these vessels have been reported in animals and humans with atherosclerosis (1, (3) (4) (5) (6) 17) . Several recent studies have reported that relaxation of rabbit and porcine vascular rings exposed to hypercholesterolemic conditions is abnormal (7, 8) . The fact that these rings were not atherosclerotic suggests that vascular dysfunction secondary to hypercholesterolemia may precede the development of atherosclerosis. Whether such an abnormality is also seen in resistance vessels is not known. The study reported herein was designed to determine if hypercholesterolemia affects vascular reactivity of resistance vessels, in vivo, in humans. The important new finding resulting from these experiments is that hypercholesterolemia impairs vasodilation in resistance vessels that are not atherosclerotic.
Impaired vasodilation in hypercholesterolemia may be the outcome of any one of several mechanisms, including functional abnormalities of the endothelium or vascular smooth muscle, or structural changes in the blood vessel that limit vasodilation. The following discussion will explore which of these possible mechanisms may explain the results of this study. Functional abnormalities ofthe endothelium. The endothelium plays a major role in modulating vascular smooth muscle tone by synthesizing and metabolizing many vasoactive substances. Endothelial dysfunction may impair vasodilation by affecting release of vasodilator agents such as endothelium-derived relaxing factor (EDRF),' a recently described vasodilator. EDRF has been found in a wide range of species including man (18) (19) (20) . It is most likely a nitrovasodilator since its action is associated with an increase in cyclic GMP levels and is antagonized by agents that inhibit soluble guanylate cyclase (21, 22) . Accumulating evidence suggests that EDRF is related to or identical to nitric oxide, derived from arginine (23) .
The action of EDRF is impaired in atherosclerotic conduit vessels from rabbits, monkeys, and swine fed high cholesterol diets (4-6). Importantly, endothelium-dependent relaxations are attenuated in atherosclerotic human arteries (17, 24, 25) . The observation that endothelium-dependent vasodilation of conduit vessels is abnormal in the presence ofatherosclerosis is not surprising. The thickened intima associated with atherosclerosis may act as a physical or functional barrier to prostacyclin and EDRF released from the endothelium. Furthermore, there is a loss of endothelial cells from the vessel wall as atherosclerosis progresses (26) . However, morphologic changes in the endothelium cannot be the sole explanation, since endothelium-dependent vasorelaxation also is abnormal in the microcirculation ofrabbits with diet-induced atherosclerosis (27, 28) .
Recent evidence suggests that endothelial dysfunction may occur very early in hypercholesterolemic states, in the absence of atherosclerosis. Cohen et al. (8) observed endothelial dysfunction in coronary arteries isolated from swine fed a high cholesterol diet for 9 wk. Endothelium-dependent relaxations to serotonin and substance P were diminished in the absence of any gross or microscopic evidence of atherosclerosis. Andrews et al. (7) examined the in vitro effects of low density lipoprotein upon endothelium-dependent vasorelaxation. Vascular relaxation to acetylcholine chloride was attenuated by incubation with low density lipoprotein. These two studies suggest that reduced endothelium-dependent vasodilation of conduit arteries may occur in hypercholesterolemic states and precede the development of atherosclerosis.
To determine ifendothelium-dependent vasodilation ofresistance vessels was impaired by hypercholesterolemia in man, we measured the forearm blood flow response to intra-arterial infusions of the muscarinic agonist, methacholine chloride. Stimulation of muscarinic receptors on the endothelium releases EDRF in a wide variety of vascular beds in all mammalian species studied, and in particular, induces endotheliumdependent relaxation in human limb arteries in vitro (18) (19) (20) . It is unlikely that methacholine chloride caused vasodilation by releasing prostacylin or by causing prejunctional inhibition of adrenergic neurotransmission, since the forearm vascular effects of methacholine chloride were unaffected by either aspirin or phentolamine.
Vasodilation in response to methacholine chloride was blunted in the hypercholesterolemic subjects. This finding might be explained by reduced release or transport of EDRF from the endothelium. However, in this study, the impaired responsiveness to methacholine chloride cannot be explained entirely by endothelial dysfunction, since the response to sodium nitroprusside was also reduced in the hypercholesterolemic subjects.
Abnormalities of vascular smooth muscle. Nitroprusside causes vasodilation that is largely independent of the endothelium. Removal of the endothelium does not affect the vasorelaxation to sodium nitroprusside in vitro and in some studies even has augmented the response (29) (30) (31) . Therefore, endothelial dysfunction itself could not have caused the blunted forearm blood flow response to sodium nitroprusside in our hypercholesterolemic subjects. The abnormal vasodilator response to nitroprusside that occurred in our hypercholesterolemic subjects contrasts with the reports that endothelium-independent relaxation is preserved in vascular rings exposed to hypercholesterolemic conditions (7, 8) . Other investigators, however, have reported reduced potency of nitrovasodilators in aortae from hypercholesterolemic rabbits and from atherosclerotic human coronary arteries (4, 32) .
Vasodilation to sodium nitroprusside and EDRF are probably mediated by the same mechanism (33) . These agents cause vasodilation by stimulating the activity of soluble guanylate cyclase within the vascular smooth muscle, thereby elevating tissue levels of cyclic GMP (21, 22, 29) . Activation of soluble guanylate cyclase is triggered by formation of a nitrosyl-porphyrin complex during metabolism of the nitrovasodilator (33, 34) . In addition to the heme moiety of guanylate cyclase, there are sulfhydryl groups associated with the enzyme that modulate its activity. Oxidation of the heme iron or the associated thiol groups inactivate the enzyme (34-37). Hypercholesterolemia may alter the redox state of the vascular smooth muscle (38) , thereby reducing responsiveness of the vessel wall to endogenous and exogenous nitrovasodilators. Also, both EDRF and sodium nitroprusside may cause vasodilation by inducing hyperpolarization of vascular smooth muscle (39, 40) . It is therefore conceivable that alterations in the lipid bilayer could affect ionic fluxes, depress hyperpolarization, and reduce the vasodilator response to methacholine chloride and sodium nitroprusside.
Another explanation for our findings would be that in the hypercholesterolemic subjects, vasodilation is offset by a heightened responsiveness of vascular smooth muscle to endogenous vasoconstrictors. In some animal models of atherosclerosis, there is an increased sensitivity to vasoconstrictor agents, which could effectively reduce the response to vasodilators (1) (2) (3) . This may be due to a direct effect of cholesterol upon the vascular smooth muscle. In vitro, cholesterol induces small contractions of canine coronary arteries and sensitizes these vessels to extracellular calcium (9) . In our study, increased responsiveness to endogenous vasoconstrictors is not a likely explanation for impaired vasodilation, because the vasoconstriction to the alpha-adrenergic agonist, phenylephrine, was not potentiated in the hypercholesterolemic subjects.
Structural changes in the resistance vessels. Ischemia is a potent vasodilator stimulus that overcomes vascular tone caused by vasoconstrictor stimuli. In the absence of flow-limiting lesions, the forearm blood flow response to reactive hyperemia is thought to reflect the maximal vasodilator capacity of the resistance vessels (41) . Reduced maximal vasodilation is generally attributed to structural abnormalities within the vessel and has been reported in patients with hypertension or congestive heart failure. In addition, Zelis et al. (42) found that reactive hyperemic blood flow was reduced in the legs of patients with type III hyperlipidemia. Although this study does not prove the impaired vascular response is confined to nitrovasodilators, we have ruled out a generalized defect in vasodilator capacity due to structural abnormalities since reactive hyperemic blood flow was the same in both groups. Limitations of this study. We cannot be certain that our hypercholesterolemic subjects did not have atherosclerosis. However, this possibility is unlikely because this process rarely affects the upper extremity in the absence of clinically apparent disease in other circulations (1 1). Our patients were young and did not manifest any symptoms or signs of occlusive arterial disease in any vascular bed. In the absence of flow limiting lesions of the conduit vessels, plethysmographic measurements of forearm blood flow reflect vasomotion at the level of resistance vessels. Unlike the larger vessels, resistance vessels do not develop atheromatous lesions. Therefore, the attenuated response to infused vasodilators in the hypercholesterolemic subjects, was probably not confounded by the presence of atherosclerosis.
Clinical significance. These data strongly suggest that abnormalities of vascular function occur in hypercholesterolemic individuals in the absence of atherosclerosis. They do not, however, prove that abnormal vascular function precedes the development of atherosclerosis. This possibility is intriguing because abnormalities of the endothelium or vascular smooth muscle caused by hypercholesterolemia may facilitate vascular injury caused by platelet-vascular wall interactions, circulating macrophages, mitogens, and other substances involved in the development of atherosclerosis (43) .
Furthermore, one might speculate that early treatment of hypercholesterolemia will prevent atherosclerosis by preserving vascular function. In this regard, it is noteworthy that treatment reverses or prevents abnormal vasodilator responses in atherosclerotic vessels of animals initially fed a high cholesterol diet and of humans with type III hyperlipidemia (42, (44) (45) (46) . Furthermore, endothelium-dependent vasorelaxation is not impaired in coronary arteries isolated from hypercholesterolemic swine fed a diet supplemented with fish oil (45). A low cholesterol diet reverses endothelial dysfunction in atherosclerotic cynomolgus monkeys and inhibitors of HMG Co-A reductase normalize endothelium-dependent relaxation in the thoracic aorta isolated from hypercholesterolemic rabbits (44, 46) . It will be extremely important to determine if the impaired vasodilator response in hypercholesterolemic patients can also be reversed by treatment.
Conclusions. In this series of experiments the vasodilator responses to methacholine chloride and to sodium nitroprusside were blunted in patients with hypercholesterolemia. We hypothesize that the hypercholesterolemic state impairs delivery of nitrovasodilators to the vascular media, modulates intracellular metabolism of these substances, or otherwise reduces their effects by inactivating guanylate cyclase or depressing hyperpolarization of vascular smooth muscle. 
